The yeast 2-micron plasmid epitomizes the evolutionary optimization of selfish extra-chromosomal genomes for stable persistence without jeopardizing their hosts' fitness. Analyses of fluorescencetagged single-copy reporter plasmids and/or the plasmid partitioning proteins in native and nonnative hosts reveal chromosome-hitchhiking as the likely means for plasmid segregation. The contribution of the partitioning system to equal segregation is bipartite-replication-independent and replicationdependent. The former nearly eliminates 'mother bias' (preferential plasmid retention in the mother cell) according to binomial distribution, thus limiting equal segregation of a plasmid pair to 50%. The latter enhances equal segregation of plasmid sisters beyond this level, elevating the plasmid close to chromosome status. Host factors involved in plasmid partitioning can be functionally separated by their participation in the replication-independent and/or replication-dependent steps. In the hitchhiking model, random tethering of a pair of plasmids to chromosomes signifies the replication-independent component of segregation; the symmetric tethering of plasmid sisters to sister chromatids embodies the replication-dependent component. The 2-micron circle broadly resembles the episomes of certain mammalian viruses in its chromosome-associated propagation. This unifying feature among otherwise widely differing selfish genomes suggests their evolutionary convergence to the common logic of exploiting, albeit via distinct molecular mechanisms, host chromosome segregation machineries for selfpreservation.
INTRODUCTION
Circular DNA plasmids, widespread among prokaryotes, are almost nonexistent among eukaryotes. Certain members of the budding yeast and Dictyostelium species present a rare exception by harboring circular plasmids in their nuclei (1, 2) . Furthermore, viruses belonging to the papilloma family and gammaherpes sub-family are propagated as episomes in infected cells during long periods of latency (3) (4) (5) (6) . Eukaryotic nuclei, however, almost ubiquitously contain non-plasmid extra-chromosomal circular DNA (eccDNA) molecules with potential roles in genome organization, dynamics and plasticity (7) (8) (9) (10) . These circles, with a wide range of sizes, are presumed to result from recombination events, which may be associated with DNA replication/repair in some instances. They have been implicated in centromere evolution, maintenance of telomere length, concerted evolution and homogenization of repeated sequences and the emergence of copy number variations. A subset of these circles provides markers for genetic instabilities associated with human diseases (11) (12) (13) . In Saccharomyces cerevisiae, extra-chromosomal rDNA circles are retained with a strong preference by the mother cell during nuclear division, perhaps providing a mechanism for asymmetric segregation of a senescence factor and rejuvenation of daughters at birth (14, 15) . The multi-copy plasmid 2-micron circle native to S. cerevisiae, however, escapes this mother-bias, thus providing a model for the stable propagation of an extra-chromosomal DNA element in a simple eukaryotic host.
The 2-micron plasmid is a minimalized and highly optimized selfish DNA element, whose nearly chromosome-like stability is conferred by two plasmid-coded proteins Rep1 and Rep2 and a cis-acting locus STB (1, 16, 17) . The Rep-STB system absolves the 2 micron plasmid from the strong mother bias experienced by rDNA circles and by plasmids capable of autonomous replication (ARS-plasmids) in S. cerevisiae but lack an active partitioning mechanism (18) (19) (20) . The mother bias arises from the barrier to equilibration of plasmid molecules between mother and daughter compartments posed by the constricted geometry of the bud-ding yeast nucleus, the limited duration of the mitotic cell cycle and perhaps additional constraints due to plasmid association with sub-nuclear structures (19, 21) . The mean loss rate of the 2-micron plasmid is as low as 10 −5 to 10 −4 per cell per generation. The plasmid appears to provide no advantage to the host under standard growth conditions. However, the fitness cost to the host for bearing the plasmid load, at the normal copy number of 40-60 per haploid nucleus, is also quite low (22) .
The plasmid genome can be divided into two functional units, apparently devoted solely to self-serving ends. The replication origin and the partitioning system ensure, during a cell cycle, the duplication of each plasmid molecule by the host replication machinery, followed by the equal (or nearly equal) segregation of the replicated copies into mother and daughter nuclei. A drop in copy number resulting from a rare missegregation event is corrected by an amplification system, comprised of the plasmid-coded Flp site-specific recombinase and its target sites present in inverted orientation in the plasmid genome (23, 24) . The key to the amplification reaction is a recombination-mediated inversion of one of a pair of bi-directional replication forks. The amplified DNA spun out by the two uni-directional forks can be resolved into monomer plasmid units by homologous or Flp-mediated recombination. Intricate regulation of plasmid gene expression keeps the amplification system in check, triggers it into action promptly when required, and protects against runaway increase in plasmid copy number (25) (26) (27) . The level/activity of Flp is also controlled by its post-translational modification by the host sumoylation system, thus avoiding inappropriate plasmid amplification (28, 29) . Furthermore sumoylation of Rep1 and Rep2 appears to promote their association with STB, and thus bolster efficient plasmid partitioning (30) . The 2-micron plasmid provides an attractive system for studying self-instituted and host-imposed mechanisms by which a selfish genome and its host genome establish long-term coexistence with minimal mutual conflicts.
The remarkably high stability of the 2-micron plasmid stems from the ability of the Rep-STB system to couple plasmid partitioning to chromosome segregation (31) (32) (33) (34) . A variety of host factors that associate with centromeres and play important functional roles in faithful chromosome segregation are also detected at the STB locus, and nearly all of these appear to promote plasmid partitioning as well (32, (35) (36) (37) (38) . The apparent functional resemblance between CEN and STB with respect to host factor association may suggest that the atypical, genetically defined point centromere of budding yeast and STB might have descended from a common ancestral partitioning locus (39) (40) (41) (42) . However, current evidence argues against the recruitment of kinetochore components at STB or the execution of plasmid segregation by directly utilizing spindle force (43, 44) .
Several lines of circumstantial evidence suggest that the 2-micron plasmid is partitioned in association with a nuclear entity that segregates without bias into mother and daughter during nuclear division. Furthermore, current results are consistent with that entity being the host chromosomes (33, 34) . However, direct proof for this hitchhiking model for plasmid segregation is lacking. The localization and dynamics of STB-reporter plasmids in meiotic yeast cells is suggestive of plasmid association with telomeres via a meiosis-specific nuclear envelope motor and consequent plasmid segregation as a telomere appendage during meiosis I (44) . This mechanism for plasmid-chromosome tethering is not possible in mitotic cells, as at least a subset of the motor components is expressed only during meiosis (45) (46) (47) (48) (49) (50) . Perhaps a common hitchhiking model for 2-micron plasmid segregation may still operate during vegetative and germ-line cell divisions with mechanistic variations in how plasmid-chromosome interactions are established under the distinct cell cycle programs.
In the present study, we subjected the chromosomehitchhiking model to incisive experimental tests in the native host, and complemented them by one set of analyses under a non-native host cell context. In addition, we revealed two distinct functional roles for the Rep-STB system in 2-micron plasmid partitioning. One effectively overcomes the mother bias in plasmid inheritance, and does not require plasmid replication. This replication-independent segregation mechanism follows the binomial rule, and limits the equal segregation of a plasmid pair to 50%. The second overcomes mother bias as well as enables efficient equal plasmid segregation (>50%), but absolutely requires plasmid replication. Host factors that interact with Rep-STB to promote plasmid can be distinguished by whether their action is dissociated from, or occurs in conjunction with, plasmid replication. Both the replication-dependent and replication-independent features of Rep-STB action fit nicely into the hitchhiking model, and can be explained by two distinct modes of plasmid-chromosome association under the two conditions.
MATERIALS AND METHODS

Yeast strains and plasmids
The yeast strains and the plasmids utilized in this study are listed in Supplementary Tables S1 and S2 , respectively. The specific experiments in which they were employed and the figures displaying the corresponding results are summarized in Supplementary Table S3 .
Fluorescence-tagged single-copy reporters excised from chromosomal integrants
The standard reporter plasmids used for studying 2 micron plasmid partitioning contain a replication origin (ORI or ARS) and the STB locus, and are complemented in trans by Rep1 and Rep2 proteins In general, these reporters are multi-copy, and their copy numbers are variable from cell to cell. For cell biological assays, the reporters are fluorescence-tagged using operator-fluorescent repressor interaction (31, 32) . In order to follow partitioning quantitatively, single-copy reporters have been designed. By incorporating a conditionally active centromere (CEN) sequence into the plasmid, the copy number can be lowered to nearly one (33) . A site-specific recombination-based strategy has been devised for keeping the reporter copy number precisely as one (34) .
The single-copy ORI-plus STB-plasmid described in a previous analysis (34) (now referred to as an STB-ARS-plasmid) and its derivatives were employed in this study. The reporters, maintained as chromosomal integrants, were excised by site-specific recombination mediated by the R recombinase. The presence of a [LacO] 256 array enabled them to be visualized by their green fluorescence in host strains expressing GFP-LacI. The ORI-STB sequence was contained within the PstI-XbaI fragment (2657-3946) from the 2-micron plasmid form A. The ori-minus STB-circle (STB-arsΔ-c) was derived from this construct by deleting the sequences from coordinates 3545-3814. Two ori-minus STB-circles of identical sequence were employed in some of the assays to represent pseudo-sisters. They were excised from integrants placed on separate chromosomes (Chr IV and Chr XV). Occasionally, we noticed (by Southern analysis) small size differences between the two excised copies, presumably due to instabilities/rearrangements within their [LacO] arrays. However, these differences do not affect their functional features relevant to the experimental outcomes and interpretations. Variants of the ORI-plus or ori-minus constructs lacking STB were obtained by deleting the 2 micron circle-derived PstI-AvaI fragment (2657-3259).
Note 
Reporter plasmids harboring conditional CEN and STB
The CEN-STB-ARS reporter plasmids utilized for a subset of experiments, with a copy number of ∼1 and containing the 2 micron plasmid origin, have been described previously (33 ) and/or the carbon source (glucose or galactose), the same plasmid could be made to behave as a CEN-ARS-reporter, an STB-ARS-reporter or an ARS reporter (lacking both CEN and STB functions). Prior assays showed that a plasmid with an active CEN or an active CEN and STB behave similarly in segregation (33) .
Consistent with the estimated copy number, a CEN-STB-ARS-reporter plasmid formed a single fluorescent focus per nucleus in >80% of the cells within a population (33; this study). Copy number variations due to missegregation events during propagation of experimental strains was avoided as follows. For each analysis, reporter plasmids were newly introduced into the recipient strains by transformation. Fresh transformants were immediately carried through G1-arrest and chromosome spread assays, or subjected to single cell cycle plasmid segregation analyses. Furthermore, for a given reporter plasmid, spreads showing more than a single focus and anaphase cells containing more than two foci, which were quite rare, were excluded from consideration.
A multi-copy STB-ARS-reporter plasmid
A multi-copy STB-plasmid (referred to as pSTB-ARS-mc) served as the reporter for assays in which plasmid and chromosome replication was blocked. This pUC19-based shuttle plasmid is a variant of pSV1 described in earlier studies (32) . It contained [LacO] 256 , TRP1 and a 2 micron plasmid fragment harboring the replication origin and STB. The plasmid was introduced into the experimental strain by transformation and maintained by selection in medium lacking tryptophan.
Mammalian cell lines and expression vectors
COS7 (CV-1 (simian) in Origin, and carrying the SV40 genetic material) cells, a fibroblast-like cell line derived from monkey kidney tissue, were used to study the localization of the Rep1 and Rep2 proteins. The results were reproduced in HEK 293 cells (Human Embryonic Kidney) and HEK 293T cells (HEK 293 cells expressing SV40 Large T-antigen) but are not reported here. All cell lines were grown in DMEM (Dulbecco's Modified Eagle Medium) (from Cellgro) supplied with 10% FBS (Fetal Bovine Serum) (from Atlantic Biology).
Expression plasmids for mammalian cells are listed in Supplementary Table S2 . Rep1 and Rep2 were expressed as carboxyl-terminal fusion proteins from pGFP-C1 and pDsRed-Express-C1 vectors (Clontech) under the control of the CMV promoter.
Antibodies
The following antibodies were used for immunofluorescence assays: mouse anti-GFP (LGB-1; Abcam), rabbit anti-RFP (ab62341; Abcam); mouse anti-Fibrillarin (38F3; Abcam), mouse anti-HA (HA.11; Covance) and rabbit antiRep1 (custom made; directed to a synthetic Rep1 peptide) (31) . A mouse anti-Myc antibody (9E10; Covance) was used in the chromatin immunoprecipitation (ChIP) assays. Antibody dilutions ranged from 1:100 to 1:500 in individual assays, in accordance with initial standardization.
General protocols for the yeast assays
The methodologies for arresting cells in G1 and scoring the segregation of single-copy or multi-copy reporter plasmids during a single generation followed published procedures (31, 33, 34) . For assaying the coalescence of plasmids in metaphase cells, the cell cycle stage was assessed by examining samples of a population at different time points after release from G1 arrest. The time at which ≥80% of cells were large-budded, with each cell containing a single DAPI-stained chromosome mass in the mother near the bud-neck and a spindle ∼1 m in length, was chosen for the analysis. The protocols for preparing chromosome spreads from mitotic cells and for localizing plasmids or proteins in them by immunofluorescence have been previously described (31, 32 
Transfection of mammalian cells
Transfections (or co-transfections) with expression vectors (∼4 g per transfection) were carried out in cells at 70% confluence using Lipofectamine-2000 (Life Technologies) according to the supplier's instructions. The medium was replaced at 6-8 h after transfection, and cells were assayed for protein localization 40-42 h after transfer to fresh medium.
Chromosome spreads from mammalian cells
Cells, seeded on Superfrost Plus (Fisher) microscope slides, were transfected at 50% confluence (∼24 g plasmid DNA/slide). After transfer to fresh medium at 6 h and incubation for 24 h, they were shifted to medium containing 2 mM thymidine for 12-16 h to synchronize them in G1/S phase. For releasing from thymidine block, cells were washed with 1× PBS at room temperature, twice with DMEM at 37
• C, and were incubated in fresh DMEM/10% FBS for 5 h (37
• C). They were then incubated in the presence of 30 ng colcemid/ml for an additional 5 h. The enrichment of mitotic cells was verified by their rounded appearance under a light microscope. Chromosome spreads were prepared according to published procedures (54) .
Immunofluorescence assays in mammalian cells
Cells were fixed on microscope slides with 4% paraformaldehyde in 1× PBS for 30 min., and were permeabilized with 0.1% Triton X-100 in 1X PBS for 5 min. After washing with 1× PBS twice, cells were blocked with 1 mg/ml BSA for 1 h. Subsequent sequential steps included incubation with the primary antibody for 3 h, three washes with 1× PBS, incubation with the secondary antibody for 2 h, three washes with 1× PBS and staining with 1 g/ml Hoechest 33342 (Sigma) in 1× PBS for 5 min. The slides were mounted, and examined by fluorescence microscopy.
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as described in earlier studies (35, 37) . Serial dilutions of template DNA were employed to determine the linear range of signal output in the PCR reactions. The signals were corrected by subtracting those from mock-immunoprecipitated (no antibody) controls. The 'ChIP efficiency' of a locus was obtained by normalizing the corrected signal to the corresponding signal from the input DNA.
Fluorescence microscopy
Observations were performed using an Olympus BX-60 microscope. Images were taken at room temperature at 100× (oil NA 1.30 objective) using a Photometrics Quantix camera (Roper Scientific), and then processed by MetaMorph 7.5 software (Universal Imaging Corporation) and PhotoShop CS4 (Adobe Systems, Inc.) (31, 43) .
Fluorescence intensities of reporter foci
The pixels constituting a fluorescent reporter focus in a G1 or anaphase cell were outlined, and the intensity of the brightest pixel within this cluster was recorded (as described under Supplementary Figure S2 in (34) ). This value was corrected by subtracting the mean intensity of a set of neighboring background pixels.
RESULTS
The 2-micron plasmid is coupled to chromosomes, but not to the nuclear membrane, in its segregation Current evidence argues against equal segregation of the 2-micron plasmid in association with the spindle pole body or by directly utilizing spindle force (43, 44) . However, the possibility of plasmid segregation by attachment to the nuclear membrane or to the nuclear matrix has not been ruled out. Earlier observations revealed the tendency of the 2 micron plasmid to missegregate in tandem with the bulk of the chromosomes when chromosome segregation was impaired by conditional mutations (32) . However, chromosome missegregation in these mutants was almost never entirely one-sided (all chromosomes in either the mother or in the daughter). It was not possible therefore to cleanly differentiate between chromosomes and the nuclear membrane in regards to plasmid association. Furthermore, tethering an ARS-plasmid to a nuclear membrane protein or certain nuclear pore proteins has been shown to ameliorate its mother bias, and improve its stability (19, 20) . Strict distinction between the nuclear matrix and the nuclear envelope is not possible in budding yeast, as it lacks a nuclear lamina, typical of eukaryotic cells, with which a variety of nuclear envelope proteins become associated (55) . Our experimental strategy was to induce nuclear membrane segregation into the mother and daughter cell compartments while containing chromosomes in only one of the two compartments. Plasmid-membrane association could thus be probed unambiguously without interference from chromosomes.
The analyses utilized two 'precisely single-copy' reporter plasmids, pSTB-ARS and pARS. They were generated in separate G1-cell populations by R recombinase-mediated excision from their chromosomally integrated forms ( The schematic illustrates the excision of a single-copy STB-ARS-or an ARS-reporter plasmid, integrated at the HIS3 locus on chromosome XV, by expressing R recombinase from the GAL promoter (34) . The arrowheads bordering the plasmid sequences represent two copies of the R recombinase target site (RRT) in direct orientation. The ORI sequence (ARS) present in these reporters, as well as others employed in this study, was derived from the 2 micron plasmid. The [LacO] 256 array harbored by the reporters permits them to be visualized as green foci in host strains expressing GFP-LacI. After performing the excision reaction in G1-arrested cells, they were released into the cell cycle, and plasmid foci were scored in anaphase cells. The integrated STB-ARS-plasmid, when present in a strain lacking the R recombinase expression cassette, provided the fluorescence tag for chromosome XV. (B-E) Cohesin disassembly was blocked during a cell cycle by swamping out the native Mcd1 subunit with a non-cleavable version overexpressed from the P GAL -(MCD1-nc) expression cassette. (B) DAPI-stained chromosomes (unseparated sister chromatids) stayed in the mother (left; ∼34%) or moved into the daughter (right; ∼66%). or less) minimizes the rate of mitotic recombination (∼2 to 3 × 10 −8 ) (56), virtually ruling out integration via homologous recombination. Thus, the replication competence of the reporters or their segregation is not influenced in cis by the presence of the 2-micron plasmid.
We uncoupled chromosome segregation from nuclear envelope segregation by over-expressing the non-cleavable form of Mcd1 (a subunit of the cohesin complex) during a single cell cycle, thus blocking cohesin disassembly at anaphase onset (32,52) (Supplementary Text S1A). Under this condition, the entire set of paired sister chromatids occupied the mother or the daughter compartment, as revealed by DAPI staining ( Figure 1B and C) and by the perfect coincidence of a fluorescence-tagged ([LacO] 256 -(GFP-LacI)) reporter chromosome (Chr XV) with the DAPI mass present in the mother or daughter (Figure 1D and E). Daughters housed the chromosomes preferentially, roughly 2:1, over mothers. By contrast to chromosomes, the nuclear membrane outlined by mCherry-Nup49 was distributed between mother and daughter in the majority of cells ( Figure 1B and C).
The STB-ARS-plasmid showed strong association with the chromosomes located in either the mother or the daughter compartment ( Figure 1D and E). The presence of both plasmid sisters in the chromosome-free cell compartment was quite rare (<5%). By contrast, the strong association between the ARS-plasmid and mother-resident chromosomes (consistent with the mother bias of the plasmid) (Figure 1D ) dropped sharply in the case of daughter-resident chromosomes ( Figure 1E ). Interestingly, there was a clearcut increase in the 1:1 distribution of the ARS plasmid sisters when chromosomes were present in the daughter (Figure 1E ). Presumably, a plasmid molecule might be randomly entrapped by the chromosome mass during its migration to the daughter.
The STB-ARS-plasmid sisters formed one coalesced focus or two separate foci more or less equally ( Figure 1F) . A single focus, roughly twice as intense as each of two noncoalesced foci (Supplementary Figure S1D and E), could indicate plasmid sisters paired in a cohesin-assisted fashion (33) or those associated with paired sister chromatids. The percentage of coalesced STB-ARS-plasmid sisters observed here (∼43%) was lower than that reported previously for G2/M cells (∼70%) going through a normal cell cycle (33) . The difference may be due to the aberrant cell cycle regimen employed here by blocking cohesin cleavage. In contrast to the STB-ARS-plasmid sisters, sister copies of the ARS-plasmid were present predominantly as two separate foci ( Figure 1F )
The behavior of the STB-ARS-plasmid under conditions that block cohesin cleavage favors a model in which the plasmid physically associates with chromosomes. The Rep1-Rep2-dependent and cohesin-assisted pairing of sister plasmids (33) may be important in how this association is established. This possibility is scrutinized in further detail in later experiments addressing the connection between plasmid replication and equal segregation. There is no evidence to suggest plasmid coupling to the nuclear envelope.
Contrary effects of plasmid-nuclear pore tethering on the segregation of STB and ARS reporter plasmids
The normally low equal segregation frequency of an ARSplasmid can be enhanced by tethering it to the nuclear membrane by an integral membrane protein Yif1 or via a subset of the nuclear pore proteins, for example, Mlp1 or Nup2 (19, 20) . Segregation is presumably facilitated by the ability of inner nuclear membrane proteins and nuclear pores to traverse the nuclear envelope and enter the daughter nucleus (21, 57) . The findings are consistent with the physical theory of narrow escape, which predicts a diffusing particle (a nuclear plasmid in the present experimental context) to escape faster from a spherical encasement with a narrow window (the mother nucleus) if diffusion occurs along the periphery (58) . The outcomes from blocking cohesin disassembly ( Figure 1D and E) would suggest that nuclear poretethering is unlikely to help 2 micron plasmid segregation. We have now tested this notion more directly.
The reporter plasmids for these experiments were 'nearly single-copy' by virtue of a centromere sequence (CEN) harbored by them. The plasmid-borne CEN could be conditionally inactivated by GAL promoter-driven transcription through it (33) (Figure 2A ). These plasmids harbored a [TetO] 112 array, enabling their association with both TetR-GFP and Mlp1-TetR or Nup2-TetR in host stains expressing the fluorescent repressor along with one of the two nuclear pore protein-repressor fusions. Based on earlier work and the present study, the segregation properties of a reporter plasmid obtained by excision from a chromosome and an analogous plasmid whose copy number is controlled by a conditional CEN are quite similar ( Supplementary Figure S2A) .
During a normal mitotic division, an STB-ARS-plasmid (pSTB-ARS*) tethered to Mlp1 or Nup2 (and presumably to the nuclear pore as a result) showed a decrease in equal segregation frequency along with an increase in mother bias ( Figure 2B ; right). For an ARS-plasmid (pARS*), mother bias decreased and equal segregation improved as a result of Mlp1-or Nup2-association ( Figure 2B ; left). In fact, when tethered to Mlp1or Nup2, the STB-ARS*-and ARS*-plasmids behaved more or less similarly with respect to segregation and mother bias. The segregation of a CEN-ARS-plasmid or a CEN-STB-ARS-plasmid in glucose-grown cells was unaffected by its association with Mlp1 or Nup2, suggesting that kinetochore-spindle association is likely dominant over nuclear pore-tethering ( Figure  2C ).
Taken together, the behavior of STB-ARS-plasmids upon tethering to the nuclear pore ( Figure 2B ) and upon preventing cohesin disassembly ( Figure 1D ) discredits 2 micron plasmid segregation by attaching to the nuclear envelope. Clearly, plasmid segregation mediated by the Rep-STB system is more efficient than that mediated by diffusion along the nuclear membrane. The two processes must thus be mechanistically different.
Association of single-copy reporter plasmids with yeast chromosome spreads
The strong coupling between an STB-ARS-plasmid and chromosomes ( Figure 1D and E) is consistent with earlier work that revealed the association of a multi-copy STB-ARS-plasmid with yeast chromosome spreads in a Rep1-Rep2-dependent manner (32) . Since the reporter plasmid was organized in the nucleus as multiple foci (roughly 3-5 per nucleus), the propensity for the chance association of a subset of the plasmid foci with the spreads could not be ignored. Furthermore, chromosome spreads are not comprised exclusively of chromosomes. To overcome these impediments, we performed the spread assays in isogenic [ Figure 3A) . The copy number of each reporter estimated in previous work was ∼1 (33) . Conditions were manipulated to maintain a reporter as pCEN-STB-ARS/pCEN-ARS (CEN active), pSTB-ARS* (STB active but CEN inactive) or as pARS* (neither CEN nor STB active) ( Figure 3A) . The isogenic [Cir + ] and [Cir 0 ] host strains were engineered to express GFP-LacI and TetR-RFP.
The single-plasmid analyses yielded Class I (containing the LacO-plasmid; green; numbered 1 in Figure 3A ) and Class IV (plasmid-free) chromosome spreads ( Figure 3B) . Spreads from the two-plasmid analyses consisted of Classes I-IV ( Figure 3B ). Class II contained the TetO-plasmid (red; numbered 2 in Figure 3A ) but not the LacO-plasmid, while Class III contained both the LacO-and TetO-plasmids. Class I in this case denoted spreads containing the LacOplasmid but not the TetO-plasmid, while Class IV signified spreads lacking both plasmids. Note that an STB-ARSreporter plasmid obtained by inactivating its CEN and one excised from a chromosome behave almost identically in chromosome spread assays (Supplementary Figure S2B) .
The association of an STB-ARS*-plasmid (Class I; Figure 3C ) and the co-association of a pair of STB-ARS*-plasmids (Class III; Figure 3D ) with the spreads were high, and nearly equal (∼80%). The values were only slightly lower than the corresponding values for a CEN-STB-ARSplasmid and a pair of CEN-STB-ARS-plasmids. The association with the spreads dropped significantly for an ARS*-plasmid, and the co-association was even lower for the ARS*-plasmid pair. The spreads also revealed the colocalization of Rep1 and Rep2 proteins with each other (Figure 3E ) and with the STB plasmid ( Figure 3F ). The HA-6-tagged Rep2 employed for this assay was nearly as active as native Rep2 in plasmid stability assays (data not shown). The collective results suggest that Rep1-Rep2-assisted chromosome tethering of the 2 micron plasmid is responsible for its chromosome-coupled segregation.
Localization of the Rep proteins on mammalian chromosomes
Yeast chromosome spreads, in addition to containing nonchromosomal nuclear components, lack the resolution to display individual chromosomes. To circumvent these drawbacks, we examined the localization of Rep1 and Rep2 proteins expressed in mammalian cells, whose individual chromosomes can be visualized in metaphase spreads. Here, the proteins served as a proxy for an STB-ARS-plasmid with which they are normally tightly associated (31,32) ( Figure  3E and F). Our use of the non-native host system is justified, as the partitioning systems of Epstein-Barr and human papilloma viruses (EBV; HPV) have been reconstituted in S. cerevisiae (Supplementary Text S1B).
When Rep2 was expressed in COS-7 cells, the protein localized on mitotic chromosomes ( Figure 4A ). Rep1 was dependent on Rep2 for its nuclear localization/retention (Supplementary Figure S3A-E) , and was colocalized with the latter on chromosomes ( Figure 4B ). Metaphase chromosome spreads, in which individual paired sister chromatids were well resolved, confirmed the physical association of Rep1-Rep2 with chromosomes ( Figure 4C ; Supplementary Figure S3F ). Few Rep2 foci were unassociated with Rep1, and Rep2-free Rep1 foci were nearly absent (as expected from the dependence of Rep1 on Rep2). In individual spreads, most chromosomes contained at least one focus per chromatid. Strikingly, >70% of the Rep foci showed symmetric localization on sister chromatids ( Figure 4C ). In general, the foci were distributed non-uniformly along the chromosome arms, without an obvious preference for specialized chromosome locations such as centromeres or telomeres.
The localization of single-copy STB-containing plasmids in association with Rep1 and Rep2 in yeast chromosome spreads, as well as the co-localization of the Rep proteins with unresolved as well as individually resolved mammalian mitotic chromosomes, suggests that the 2-micron plasmid is likely chromosome-tethered in its native biological context. The symmetric localization of the Rep proteins on sister chromatids becomes significant in the context of the experiments described below, addressing the role of DNA replication in plasmid segregation (see also 'Discussion').
Abrogation of mother bias by the Rep-STB system in a nearly replication-independent manner
The 2-micron circle partitioning clock is reset during each cell cycle at the G1-S window, and DNA replication appears to be an important cue for this event (32, 35, 37) . The protein dynamics at STB (complete dissociation of late-exiting factors from a previous partitioning cycle, for example) can be delayed or blocked by delaying or blocking, respectively, the initiation of DNA replication (37) . We wished to know whether overcoming mother bias, an absolute requirement for equal plasmid segregation, is dependent on DNA replication.
Single-copy circular reporter molecules containing STB and the [LacO} 256 array, which either harbored the 2 micron circle replication origin (pSTB-ARS) or lacked the origin (STB-arsΔ-c) ( Figure 5A ), were excised from the chromosome in [Cir + ] or [Cir 0 ] G1-cells, and were examined in the mother and daughter nuclei of anaphase cells. Versions of theses reporters lacking STB (pARS and arsΔ-c) excised in in [Cir + ] G1-cells were also included in this analysis. Whereas the replication-competent single-copy reporters reveal the segregation of plasmid sisters as 1:1 (biasfree), 2:0 (mother-biased) and 0:2 (daughter-biased), the replication-blocked reporters signify mother bias as 1:0 and daughter bias as 0:1 (Supplementary Figure S1E) .
We expressed the ability of a reporter to overcome mother bias O mb , as F d /(F d + F m ), where F d and F m are the number of plasmid/circle foci present in the daughter and mother nuclei, respectively. In the case of plasmid sisters, a single focus present only in the mother or the daughter nucleus, with the predicted increase in fluorescence intensity, was taken as a coalesced pair of foci (34) (Supplementary  Figure S1D) The competence of the Rep-STB system to overcome mother bias is largely independent of the plasmid's ability to replicate. Conversely, the act of plasmid replication does not contribute to the bias, as the strong mother bias of an ARS plasmid is unchanged by preventing its replication. An O mb of nearly 0.5 for an STB-ARS-reporter in a [Cir 0 ] host in the presence of the Rep proteins rules out Rep1-Rep2-mediated physical association of the reporter with the native 2-micron plasmid being responsible for the strong diminution in mother bias. Prior work showed that the Rep1 and Rep2 proteins, in the absence of the 2-micron plasmid, are sufficient to support normal segregation of a single-copy STB-ARS-plasmid (37).
Escape from mother bias by an STB-ARS-plasmid in the absence of plasmid and chromosome replication
In the STB-arsΔ-c, the consequences due to lack of replication cannot not be dissociated from those due to the absence of the origin per se. It is possible that the requirement for plasmid replication in overcoming mother bias by Rep-STB is bypassed by deleting the origin. The slight reduction in the O mb of STB-arsΔ-c (0.42) compared to that of pSTB-ARS (0.48) could be an indirect effect of removing ORI rather than the result of blocking replication. The ORIbinding Orc complex, in addition to its key role in initiating eukaryotic DNA replication (59,60), also contributes to the architecture and function of silent chromatin in S. cerevisiae (61, 62) (Supplementary Text S1C) . The 2-micron plasmid ORI has been shown to possess silencing activity, which is dependent on Orc (63). To rule out potential secondary effects of removing ORI, we determined O mb for a multi-copy STB reporter plasmid harboring an intact ORI when plasmid as well as chromosome replication was blocked. Because of technical limitations, this analysis could not be easily performed with the single-copy STB plasmid.
In order to program a cell cycle in the absence of DNA replication, we conditionally depleted Cdc6 (37,64) ( Figure 5B; Supplementary Figure S4A ), which associates with the Orc-bound replication origin to form the prereplication complex (65) . During a Cdc6-depleted cell cycle, the unreplicated chromosomes still segregate into mother and daughter roughly equally ('reductional mitosis'). A fluorescence-tagged chromosome IV under replicationpermissive (galactose) and non-permissive (glucose) conditions verified the nearly complete block in its replication as well as its bias-free distribution into the mother or daughter under Cdc6 depletion (Supplementary Figure S4B) . The average number of STB-ARS-plasmid foci in G1 cells were similar in glucose and galactose (5-6 per cell) but differed in anaphase cells by a factor of 1.5 (Supplementary Figure  S4C and D) . While the foci number doubled with G1-toanaphase passage in galactose, the increase was minimal in glucose. Based on the plasmid foci counts in mother and daughter, the O mb for the replicated STB-ARS-plasmids was ∼0.43 as against ∼0.35 for the unreplicated plasmids ( Figure 5B) .
The quantitation from a multi-copy reporter plasmid (based on foci number) is less reliable than that from a single-copy reporter plasmid. The O mb values in Figure 5B were perhaps underestimated because of the occasional tendency of foci to overlap with each other and the potential differences in plasmid count between individual foci. Nevertheless, an O mb of ∼0.35 (the smaller of the two values in Figure 5B ) was still compellingly larger than O mb = ∼0.16 displayed by the ARS-plasmid ( Figure 5A ).
Thus, regardless of the means by which replication is blocked, the Rep-STB system diminishes mother bias to a considerable extent. However, the findings from the STBarsΔ-circle and the Cdc6-depleted cell cycle also suggest that the efficiency of mother bias removal is further improved by the origin per se, or by replication initiated at the origin, by a small but significant margin.
Overcoming mother bias in equal plasmid segregation: necessary but not sufficient
Overcoming mother bias, in and of itself, does not ensure equal plasmid segregation. For example, equal segregation (1:1) of a pair of plasmids or their total missegregation without mother-daughter bias (2:0 = 0:2) in every anaphase cell will manifest an O mb of 0.5. It does not follow from the replication-independence of O mb that replication is not required for equal plasmid segregation. As noted before, the de novo assembly of the 2 micron plasmid partitioning complex at STB during a cell cycle is temporally coordinated with the onset of DNA replication (32, 35, 37) . Furthermore, normal segregation occurs after the parent plasmid population has been duplicated by the cellular replication system. Finally, the bridging of plasmid sisters by the cohesin complex, assembled at STB concomitant with plasmid replication with the assistance of Rep1-Rep2 (32, 33) , could influence their segregation mechanism. We therefore wondered whether the Rep-STB system, capable of nearly eliminating mother bias without plasmid replication, can also bring about equal plasmid segregation in the absence of replication. To address segregation without replication, we generated two identical ori-minus STB-circles in G1 cells by recombination from two separate chromosomal locations. The excised circles are referred to as pseudo-sisters to signify their formation without duplication of a parent molecule. They were followed in anaphase cells.
The equal segregation frequency (1:1) for the STB-arsΔ-pseudo-sisters in the presence of Rep1 and Rep2 ([Cir + ] host) was ∼46%, considerably lower than ∼67% recorded for the STB-ARS-plasmid sisters ( Figure 5C ). The 2:0 and 0:2 frequencies for the pseudo-sisters were ∼37% and ∼17%, respectively. Their O mb , based on the combined 1:1, 2:0 and 0:2 frequencies, was ∼0.40 (Table 1 ). This value agreed closely with the O mb of ∼0.42 estimated for a singlecopy ori-minus STB circle (STB-arsΔ-c; Figure 5A ). The ARS-plasmid sisters present in a [Cir + ] strain as well as the STB-ARS-sisters and STB-arsΔ-pseudo-sisters present in a [Cir 0 ] strain showed similar, strongly mother-biased (O mb << 0.5) segregation ( Figure 5D ; Table 1) .
STB-ARS-sisters clearly outperform STB-arsΔ-pseudosisters in 1:1 segregation, even though their O mb values are comparable. Thus, replication itself, or some step associated with replication, is responsible for enhancing equal segregation. Sister plasmids, held together by cohesin as a paired unit, may segregate to mother and daughter nuclei in a directed fashion. The potential lack of cohesion between STB-arsΔ-pseudo-sisters may limit their efficiency in 1:1 segregation without affecting their ability to overcome mother bias. In this model, the functional difference between STB-ARS-sisters and STB-arsΔ-pseudosisters arises from the coupled behavior of sisters versus the independent behavior of pseudo-sisters (see below).
Independent versus inter-dependent plasmid segregation
The segregation frequencies of a pair of reporters are determined by whether they behave independently or not and by the extent to which they overcome mother bias (their O mb values). For independent segregation, the binomial rule predicts the 2:0, 1:1 and 0:2 patterns to be (1- 2 , respectively. If segregation were totally bias-free (O mb = 0.5), the expected values are 25% (2:0), 50% (1:1) and 25% (0:2). The hypothetical examples of 100% equal segregation or 100% unequal segregation without bias (50% each of 2:0 and 0:2) mentioned earlier represent the opposite extremes of dependent behavior during segregation. It is thus straightforward to deduce, from the experimentally determined O mb and segregation frequencies, whether or not a pair of reporters behave independently.
The observed 2:0, 1:1 and 0:2 frequencies of reporters lacking either STB or ARS and of an STB-ARS-reporter deprived of the Rep proteins were in agreement with the Figure  5A ) did not match the predicted values of 27% (2:0), 50.0% (1:1) and 23% (0:2) ( Figure 5C ) ( Table 1 ). The absence of the Rep-STB system, or the lack of replication even in its presence, causes a pair of reporters to segregate independently. By contrast, the Rep-STB system promotes dependent segregation of sister copies of a plasmid formed by replication.
Considered in the context of Rep-STB-assisted plasmid association with chromosome spreads, the nearly complete lack of mother bias (O mb of ∼0.5) and the ∼50% equal segregation of the STB-arsΔ-pseudo-sisters can be accommodated by their independent linkage to chromosomes. The O mb = ∼0.5 of STB-ARS-sisters is also consistent with chromosome-tethering. However, the significantly higher than binomial 1:1 segregation (∼67%) of STB-ARS-sisters suggests that the Rep-STB system, in conjunction with plasmid replication, contributes more to segregation than just overcoming mother bias. The pairing of STB-ARSplasmid sisters promoted by the Rep proteins and cohesin likely causes them to associate with chromosomes in a coupled manner, which elevates 1:1 segregation beyond 50%. While the shared feature of chromosome-association accounts for the escape of mother bias by STB-ARS-sisters and STB-arsΔ-pseudo-sisters, the difference in how sisters and pseudo-sisters establish this association may explain their disparity in equal segregation.
The segregation frequencies of plasmid sisters or pseudosisters lacking a functional Rep-STB system are generally consistent with the passive partitioning of a plasmid in yeast being limited by the diffusion barrier that it encounters. O mb is an indirect measure of the barrier, the two being inversely correlated.
Difference in segregation between STB-ARS-sisters and STB-arsΔ-pseudo-sisters in the presence of the monopolin complex
The monopolin complex is responsible for directing the cosegregation of sister chromatids during meiosis I (66) (67) (68) (69) . When expressed inappropriately during a mitotic cell cycle, monopolin brings about an analogous effect, though with reduced efficiency (53) . In a prior study, we revealed a tight correlation between a pair of sister chromatids and a pair of STB-ARS-plasmid sisters in the extent of co-segregation during a monopolin-directed mitotic cell cycle (34) . This finding is consistent with the normal segregation of STB-ARS-plasmid sisters being coupled to that of sister chromatids. In order to test whether this presumed coupling is replication-dependent, we assayed the segregation of a pair of STB-arsΔ-pseudo-sisters under the influence of monopolin ( Figure 6 ).
Consistent with previous observations (34, 53) , chromosome IV sisters showed ∼41% co-segregation in the presence of monopolin, with little bias towards mother or daughter (2:0/0:2 = 1.1) ( Figure 6A ). The extent of cosegregation of the STB-ARS-plasmid sisters, normalized to their monopolin-free equal segregation frequency of 66.8%, was similar (∼40%), and was nearly bias-free (2:0/0:2 = 1.2) ( Figure 6B ). In sharp contrast, the segregation patterns of the STB-arsΔ-pseudo-sisters were nearly identical in the presence and absence of monopolin ( Figure 6C ). The quantitative correlations between chromosome IV and the STB-ARS-plasmid or the STB-arsΔ-circles (STBpseudo-sisters) in their responses to monopolin are depicted in the radar plots in Figure 6D . In this representation, V e ', V m ' and V d ' denote monopolin-induced variations in equal segregation, mother-biased missegregation and daughter-biased missegregation, respectively, normalized for differences in the equal segregation frequencies of Chr IV, the STB-ARS-plasmid and ori-minus STB-circles during normal mitosis (34) . The near congruence of the orange and dark blue triangles representing Chr IV and the STB-ARS-plasmid ( Figure 6D) , respectively, is consistent with previous observations on their tightly correlated behavior in the presence of monopolin (34) . The STB-arsΔ-circles, characterized by the pale blue triangle, are not correlated with the chromosome and the STB-ARS-plasmid. Thus, the coupling between sister chromatids and STB-ARS-plasmid sisters in monopolin-directed missegregation is critically dependent on plasmid replication.
Plasmid replication and the contemporaneous cohesinmediated pairing of the resulting STB-ARS-sisters provide a plausible unified explanation for their normal, betterthan-binomial 1:1 segregation as well as their strongly correlated missegregation with sister chromatids clamped by monopolin. The proximity of plasmids sisters and that of sister chromatids conferred by cohesin during a normal cell cycle may promote one-to-one association between the two paired DNA entities. By contrast, STB-arsΔ-pseudosisters, lacking the proximity required to associate with sister chromatids, may still associate with chromosomes in a random fashion (see below).
Lack of sister plasmid cohesion from replication-independent cohesin assembly at STB
The cohesin complex, crucial for topologically bridging sister chromatids and ensuring equal chromosome segregation (70, 71) , is also recruited at the STB locus (32, 72) . Despite its presence in sub-stoichiometric amounts at STB (73), cohesin appears to function in promoting equal plasmid segregation. When cohesin assembly at STB, but not at CEN or other chromosomal loci, is postponed until after DNA replication by delaying spindle assembly, the frequency of plasmid missegregation is elevated (34, 43) . Equal segregation of sister chromatids paired by cohesin is not affected under this condition. Cohesin-dependent coalescence of sister STB-ARS-plasmids is impaired by this cell cycle regimen, even though STB-cohesin association is restored following spindle assembly (33, 43) . We now examined whether cohesin can be assembled at STB in the absence of replication, and (if so) whether such assembly can mediate the cohesion of STB-containing pseudo-sisters.
By chromatin immunoprecipitation (ChIP), no obvious difference in the association of the cohesin subunit Mcd1 at STB was detected during a replication-permissive (CDC6-on) or non-permissive (CDC6-off) cell cycle ( Figure 7A ). This was also the case for Mcd1 association at a centromere (CEN16) ( Figure 7B ). The rather delayed cohesin recruitment at STB relative to CEN may be due to subtle cell cycle perturbations from the artificial regulation of CDC6 expression (Supplementary Text S1E) . The kinetics of cell cycle progression, assayed by bud emergence and morphology, were similar in the presence or absence of Cdc6 (Supplementary Figure S5 ).
The Rsc2 and Rsc8 subunits of the RSC2 chromatin remodeling complex, which is required for 2-micron plasmid segregation (37, 38, 74) were also detected at STB (and at CEN) by ChIP under CDC6-expressed or repressed conditions (Supplementary Figure S6A-D) . Interestingly the ChIP signals for both Rsc2 and Rsc8 at STB, at the time of release from G1 arrest (time zero in Supplementary Figure S6A and C) , were reproducibly higher in cells blocked in CDC6 expression.
In cells going through a normal cell cycle, the Rep1-Rep2-assisted cohesion of STB-ARS-plasmid sisters at metaphase was dependent on cohesin ( Figure 7C ). The decreases in coalesced plasmid foci were similar under cohesin depletion (from ∼78% to ∼43%; Figure 7C ) and in the absence of the Rep proteins (from ∼79% and ∼47%; Figure  7D ). For the STB-arsΔ-pseudo-sisters, the coalesced fractions were quite low, regardless of the presence or absence of the Rep proteins (∼21% and ∼20%, respectively; Figure  7D ). The absence of replication apparently has a stronger adverse effect on plasmid coalescence than the absence of the Rep proteins. The topological linkage between plasmid sisters during, and immediately following, replication may help their localization at the same nuclear site.
Collectively, the above observations rule out DNA replication as a pre-requisite for cohesin or the RSC2 complex, and perhaps for other partitioning factors as well, to associate with STB. However, deviation from the normal replication program may alter the kinetics and/or dynamics of these associations. Lack of cohesin assembly at STB or cohesin assembly in the absence of replication disrupts Rep-STB function (the present study). Cohesin assembly at STB after completion of replication also has the same effect (33, 43) . Thus, an obligatory requirement for the cohesion of plasmid sisters and their equal segregation is cohesin assembly concomitant with replication.
As suggested earlier, the difference in the mode of chromosome-tethering between cohesed STB-ARS-sisters and STB-arsΔ-pseudo-sisters that lack cohesion is likely responsible for their distinct, though bias-free, modes of segregation.
Contributions from host factors to 2-micron plasmid segregation with or without directly impacting O mb
Host factors that associate with STB, and affect 2-micron plasmid segregation, include the RSC2 chromatin remodeling complex, the nuclear motor Kip1 and the cohesin complex (32, (36) (37) (38) 74) . Furthermore, the integrity of the mitotic spindle is required for the assembly of cohesin at STB (43) . As noted earlier, plasmid replication in the absence of the spindle, followed by spindle assembly in G2/M, results in high levels of plasmid missegregation. The present study reveals a largely replication-independent O mb component and an additional replication-dependent component to 2 micron plasmid segregation. In principle, a partitioning factor may function at the replication-independent or the replication-dependent step or at both steps. We attempted to decipher host factor contributions to the O mb and extra- O mb components of plasmid segregation by deleting or depleting individual factors.
In the single-copy STB-ARS-plasmid segregation assay, kip1Δ and rsc2Δ caused similar decreases in 1:1 segregation ( Figure 8A ) and comparable diminutions in O mb ( Figure  8B ). The extent of missegregation caused by delayed spindle assembly (which also delays cohesin recruitment at STB until after plasmid replication) was nearly equal to that resulting from cohesin depletion. However, delayed spindle assembly had no effect on O mb , while the effect of cohesin depletion was quite modest. Yet, these two conditions caused higher plasmid missegregation than kip1Δ or rsc2Δ ( Figure  8A ), suggesting that overcoming mother bias may, in fact, disfavor equal plasmid segregation in certain contexts (see 'Discussion' section).
The association of the STB-ARS-plasmid with chromosome spreads from G1-arrested cells was diminished by kip1Δ and rsc2Δ to similar extents ( Figure 8C ). 'Cohesin depletion' had no effect on this association, as expected from the efficient localization of STB-ARS-plasmids in G1-chromosome spreads ( Figure 3A-C) . As Mcd1 is not expressed in G1, its depletion (under our non-native experimental design) would be redundant in the context of a normal cell cycle. An earlier study showed that a sharp decline in STB-ARS-plasmid presence in chromosome spreads caused by microtubule depolymerization is reversed upon spindle restoration (43) . Thus, cohesin depletion or delayed spindle assembly decreases equal plasmid segregation without apparently affecting plasmid-chromosome association per se.
In sum, these results suggest that a subset of the host factors (Kip1 and the RSC2 complex) contribute primarily to the O mb component of 2-micron plasmid segregation, perhaps by promoting plasmid-chromosome interactions. The decreases in O mb due to their absence are reflected in the reductions in STB-ARS-plasmid association with chromosome spreads (Figure 8B and C) . In addition, kip1Δ and rsc2Δ appear to uncouple STB-ARS-plasmid sisters, making them behave as pseudo-sisters. The theoretical estimates for 1:1 segregation of independently behaving pseudo-sisters (as explained in describing the results depicted in Figure 5 ) for O mb = 0.35 (kip1Δ) and 0.39 (rsc2Δ) are 45.5% and 47.6%, respectively. They are in agreement with the observed values of 48.6% for kip1Δ and 46.8% for rsc2Δ ( Figure 8A) . By contrast to kip1Δ or rsc2Δ, cohesin depletion and delayed spindle assembly (the latter likely by disrupting cohesin function at STB) (43) appear to act via a replicationdependent component of segregation that affects plasmid sisters in a coupled fashion. The experimental value for 1:1 plasmid segregation under cohesin depletion (O mb = 0.43) contradicts the expectation for pseudo-sister behavior of independent segregation, 36.3% (observed) versus 49.0% (predicted) (Figure 8A and B) . Such a discrepancy is also true for delayed spindle assembly, 39.0% (observed) versus 49.9% (predicted for O mb = 0.48) (Figure 8A and B) . The requirement of spindle integrity for plasmid localization in chromosome spreads (43) suggests an additional O mbrelated role for the spindle in plasmid segregation. This inferred spindle contribution could not be directly tested, as a functional spindle (even one assembled late in the cell cycle) is essential for the segregation of mother and daughter nuclei.
DISCUSSION
We have unveiled the likely mechanism by which the 2-micron plasmid partitioning system promotes the equal segregation of replicated molecules to mother and daughter cells. Evidence from native and non-native host systems support the physical association of the plasmid with chromosomes, and segregation by the hitchhiking model. The Rep-STB system eliminates mother bias to a considerable extent in the absence of replication, and implements binomial segregation of a pair of pseudo-sister reporters (Supplementary Text S1F). However, the full extent of equal segregation requires overcoming mother bias to be coupled to plasmid replication. The hitchhiking model readily accommodates this relationship between bias and replication. When a pair of plasmid copies, sisters formed by replication or non-sisters, are tethered randomly to chromosomes, they are freed from bias, but are limited to only 50% equal segregation frequency (in accordance with the random assortment of chromosomes). However, if they are tethered to sister chromatids, one-to-one, they are not only released from bias but also achieve the theoretical limit for equal segregation. We suggest that the Rep-STB system takes advantage of DNA replication, as well as replication-associated (and spindle-dependent) cohesin recruitment at STB, to provide directionality/specificity to plasmid-chromosome tethering.
Chromosome-like segregation of the 2 micron plasmid without assistance from chromosomes, though formally possible, is unlikely. Although CEN and STB do display shared host factor interactions, there is no evidence for the association of kinetochore components with STB or of the Rep proteins with CEN (32; unpublished data). The normal physiology of [Cir 0 ] strains rules out any role for the Rep proteins in chromosome segregation. By manipulating the time of spindle assembly during a cell cycle, 2-micron plasmid segregation can be disrupted without affecting chromosome segregation (43) . The monopolin complex expressed artificially during mitosis associates with CEN and not STB (34) , yet induces similar extents of co-segregation in sister chromatids and plasmid sisters (34; this study). The most parsimonious explanation for our collective results is that the 2-micron plasmid exploits chromosome segregation as a chromosome-attached entity.
Plasmid-chromosome association: the primary requisite of the hitchhiking model
The efficient localization of a single-copy STB-plasmid or two such plasmids in association with Rep1 and Rep2 in yeast chromosome spreads satisfies one important criterion for the validity of the hitchhiking model. The colocalization of Rep1 and Rep2 on mammalian chromosomes lends further credence to this model. The pattern of the Rep protein foci along individual chromosomes in mammalian metaphase spreads suggests plasmid sisters tethering to sister chromatids in a symmetric (non-random) fashion. Figure 4 . (C) Plasmid association of the excised STB-ARSplasmid with chromosome spreads was assayed at the G1 stage after washing off ␣-factor. *P < 0.05 (two-tailed t-test). For cohesin depletion (CD), the MET promoter controlling Mcd1 expression was turned off (see Figure 7C ). For delayed spindle assembly (DSA), G1-arrested cells were released into the cell cycle in presence of nocodazole, and the G2/M-arrested cells were then released by washing off the drug (43).
The Rep2-assisted nuclear import and chromosome localization of Rep1 in mammalian cells recapitulate several (but not all) of the cell biological attributes of these proteins in their native host system. Earlier yeast experiments utilizing GFP-fusion proteins suggested that Rep1 and Rep2 are capable of nuclear localization individually, with the nuclear-cytoplasmic contrast being sharper for Rep2 (75, 76) . In general agreement with these findings, independent observations indicated that Rep2 assists the nuclear import or retention of Rep1 (77) . Furthermore, we found that Rep1 and Rep2 depend on each other, but not on an STB-containing plasmid, for their association with yeast chromosome spreads (32) .
Neither Rep1 nor Rep2 is a strong DNA-binding protein. Rep1 does not bind STB-DNA in vitro, while the binding of Rep2 is quite weak (78) . Their interaction with STB is likely promoted by a host factor or factors (79) . The in vivo binding target could be STB-chromatin, rather than naked DNA. Given their poor DNA binding ability, chromosomeassociation of the Rep proteins is mediated presumably by a chromatin binding host protein or proteins. Such proteins may be conserved, at least in the relevant functional domain(s), between yeast and mammals. The interaction be-tween a viral protein that associates with the viral partitioning locus and a chromatin binding host protein is a recurring theme in the tethering of viral episomes to host chromosomes (80) (81) (82) (Supplementary Text S1G) .
A bi-partite mechanism for high-fidelity segregation of the 2-micron plasmid
The contribution of the Rep-STB system towards 2-micron plasmid segregation is 2-fold. First, it overcomes mother bias by promoting the random tethering of plasmid foci to chromosomes in an essentially replication-independent step. The 50% equal segregation of a pair of plasmids guaranteed by this binomial mechanism is considerably higher than that exhibited by an ARS-plasmid, but falls well short of the fidelity of chromosome segregation. Second, the Rep-STB system avails itself of plasmid replication to coordinate the association of cohesed sister plasmids with sister chromatids, thereby elevating plasmid segregation to the status of chromosome segregation. The ∼70% equal segregation frequency (less than the theoretical 100%) observed for a single-copy STB-plasmid likely reflects the limiting efficiency of the reporter system rather than the inherent efficiency of the Rep-STB system. In standard plasmid stability assays, the loss rate per generation of 2-micron derived plasmids is two to three orders of magnitude higher than that of the native 2-micron circle, yet at least an order of magnitude lower than that of ARS-plasmids.
Host factors that contribute to the replication-dependent and replication-independent components of plasmid segregation
The RSC2 chromatin remodeling complex and Kip1 help eliminate mother bias by facilitating random, replicationindependent plasmid-chromosome association ( Figure 9A and B). The integrity of the mitotic spindle must also contribute to this replication-independent step, as plasmidchromosome association is strongly diminished upon microtubule depolymerization (43) . By contrast, cohesin's primary effect is not on plasmid-chromosome association, or O mb per se (32, 43 ; this study). Rather, it modulates O mb qualitatively by directing the association of plasmid sisters to sister chromatids in a strictly replication-dependent fashion. Equal segregation of sister plasmids is thus enhanced beyond 50% attainable by the binomial model ( Figure 9C and D). The loss of correlation between STB-ARS-plasmidsisters and sister chromatids during a monopolin-directed cell cycle in the absence of cohesin (34) supports this interpretation. It is also consistent with the uncorrelated segregation of STB-arsΔ-pseudo-sisters and sister chromatids even in the presence of cohesin (this study). The spindle, by its role in cohesin assembly at STB, is important for the replication-dependent partitioning step as well.
During the assembly of plasmid partitioning factors, Kip1 and RSC2 components are recruited at STB earlier than cohesin (37) . This temporal sequence is consistent with plasmid-chromosome tethering per se (the basic O mb component of segregation) being further refined by cohesin into tethering of plasmid sisters to sister chromatids. The early factors that directly influence O mb may facilitate plasmid replication in association with chromosomes and/or foster plasmid-chromosome reassociation following temporary detachment during replication. Lack of Kip1 or Rsc2 not only reduces the level of plasmid-chromosome tethering (decrease in O mb from ∼0.5) but also renders the residual tethering random, as revealed by the pseudo-sister (independent) behavior of plasmid sisters. This failure of plasmid sisters to attach to sister chromatids is consistent with the block in cohesin assembly at STB caused by kip1Δ or rsc2Δ  (new 36, 74) . However, the frequency of equal segregation of plasmid sisters under cohesin depletion (∼36%) is even lower than that expected for their random tethering (∼47%) at the observed Omb = 0.43. Cohesin may promote a configuration of plasmid sisters that favors their one-to-one attachment to sister chromatids over their co-attachment to the same sister. An increase in the latter mode of tethering in the absence of cohesin may be responsible for lowering equal segregation below that effected by random tethering ( Figure 9D ).
2-micron circle segregation: analogy to viral episome maintenance
The fundamental logic of chromosome tethering for stable propagation unifies the yeast plasmid and viral episomes, although the molecular mechanisms for accomplishing this goal vary among individual systems (Supplementary Text S1H). There is evidence for the symmetric patterning of the EBNA1 protein and EBV episomes along sister chromatid arms (83) . The E2 proteins of papilloma viruses, and thus the viral episomes by inference, appear to associate with chromosomes in a more random fashion (84) . Furthermore, at least a subset of HPVs may attach directly to the mitotic spindle via E2, and segregate in a chromosome-like, but chromosome-independent, fashion (85) . Among the viral systems, EBV appears to mimic the 2-micron plasmid most closely in the symmetric tethering of episome sisters and their 1:1 segregation to daughter nuclei (83, 86) .
Extrapolation from the single-copy reporter plasmid to the multi-copy 2-micron plasmid A legitimate concern is whether the sister-to-sister segregation model deduced from single-copy STB-plasmids can be extrapolated in toto to native 2-micron circle foci, each focus being comprised of several plasmid molecules. Two single copy STB-plasmids, differentially tagged by red and green fluorescence, do obey the sister-to-sister rule (33) . The majority of analyses using fluorescence-tagged, single-copy plasmids has been performed in strains containing the endogenous 2-micron plasmid molecules (which remain invisible during the assays). Assuming that there is no compartmentalization of the reporter plasmid, it is expected to faithfully represent the members of the plasmid focus to which it belongs.
In their normal biological context, all 2-micron plasmids are identical molecules, as are the products of their replication. As the distinction between sisters and non-sisters is more operational than real, the partitioning system can afford to be somewhat imprecise in organizing sister foci, without sacrificing the overall efficiency of equal segregation Furthermore, the amplification system is capable of Figure 9 . Random plasmid-chromosome association overcomes mother bias; symmetric association, in addition, promotes chromosome-like equal segregation. (A) Random association of the 2-micron plasmid with chromosomes promoted by Rep-STB and a subset of the host factors is refined into association of sister plasmids with sister chromatids (symmetric tethering) in a cohesin-assisted and replication-dependent step, accomplishing equal plasmid segregation. (B) The absence of a host factor that promotes plasmid-chromosome tethering in a replication-independent fashion will increase missegregation with a clear mother bias in plasmid retention. (C) In the absence of plasmid replication, the cohesin-effect (required for symmetric tethering) is lost. The plasmid pseudo-sisters (differentially colored) overcome mother bias, but segregate randomly. (D) When replication proceeds in the absence of cohesin, plasmid sisters may tether to chromosomes randomly, or occasionally tether to the same chromosome (which is not paired with its sister). The latter mode of tethering will missegregate plasmid sisters, but without bias. Equal segregation or missegregation of plasmid sisters randomly tethered to chromosomes will also be bias-free. Cohesin may play a role in organizing plasmid sisters in a configuration that disfavors their association with the same chromosome.
compensating for this imprecision. The rarity of plasmid amplification during steady state growth (87) suggests that the partitioning system has been optimized to maintain copy number within the range that does not require frequent correction.
